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1   |   INTRODUCTION

Chronic kidney disease (CKD) increases the risk of death, 
cardiovascular disease (CVD) and hospitalization (Go 
et al.,  2004). Although the prevalence varies according 
to ethnicity and socioeconomic status, rising prevalence 
and medical costs are worldwide problems. In addition, 
disability-adjusted life years (DALYs) in patients with 

CKD, a measure that quantifies the overall burden of dis-
ease in terms of years of healthy life lost due to the dis-
ease, has increased by 62% over the last quarter-century 
(Xie et al., 2018). Thus, prevention and inhibition of CKD 
progression are important.

Once kidney damage progresses to some extent, its 
progression is irreversible and leads to end-stage kid-
ney disease (ESKD). These changes occur regardless 
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Abstract
Short-chain fatty acids (SCFAs) are the end products of the fermentation of di-
etary fibers by the intestinal microbiota and reported to exert positive effects on 
host physiology. Acetate is the most abundant SCFA in humans and is shown to 
improve acute kidney injury in a mouse model of ischemia–reperfusion injury. 
However, how SCFAs protect the kidney and whether SCFAs have a renoprotec-
tive effect in chronic kidney disease (CKD) models remain to be elucidated. We 
investigated whether acetate and other SCFAs could attenuate the kidney dam-
age. In in vitro experiments, cell viability of acetate-treated human kidney 2 (HK-
2) cells was significantly higher than that of vehicle-treated in an oxidative stress 
model, and acetate reduced cellular reactive oxygen species (ROS) production. 
In mitochondrial analysis, the MitoSOX-positive cell proportion decreased, and 
transcription of dynamin-1-like protein gene, a fission gene, was decreased by 
acetate treatment. In in vivo experiments in mice, acetate treatment significantly 
ameliorated fibrosis induced by unilateral ureteral obstruction, and the oxidative 
stress marker phosphorylated histone H2AX (γH2AX) was also reduced. Further, 
acetate treatment ameliorated dysmorphic mitochondria in the proximal tubules, 
and ROS and mitochondrial analyses suggested that acetate improved mitochon-
drial damage. Our findings indicate a renoprotective effect of acetate in CKD.
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of primary kidney disease (Mimura & Nangaku,  2010; 
Nangaku,  2006). Kidney fibrosis is the final common 
pathological process in CKD, and its irreversibility causes 
unidirectional deterioration of kidney function. Therefore, 
the extent of fibrosis predicts kidney prognosis in CKD 
(Nath,  1992). Kidney fibrosis is characterized by exces-
sive accumulation and deposition of extracellular matrix 
in the interstitial space (Arai & Yanagita, 2020). Increased 
intracellular levels of reactive oxygen species (ROS) can 
lead to tissue damage, including kidney fibrosis (Irazabal 
& Torres, 2020). Pharmaceutical interventions for kidney 
fibrosis are required to improve kidney survival. However, 
no existing drugs have been proven to ameliorate kidney 
fibrosis (Kalantar-Zadeh et al., 2021). As kidney fibrosis is 
the final common pathological change in CKD, a drug that 
improves kidney fibrosis must exert independent effects 
on primary kidney disease and the extent of proteinuria. 
Sodium glucose 2 transporter inhibitor (SGLT2i) fulfills 
these requirements (Heerspink et al., 2020), but the mech-
anism by which SGLT2i protects the kidney is largely 
unknown. Therefore, it is important to discover novel 
therapeutic interventions that ameliorate kidney fibrosis.

Recently, short-chain fatty acids (SCFAs) were reported 
to attenuate inflammatory and metabolic disorders. 
SCFAs are end products of the fermentation of dietary 
fibers by the intestinal microbiota. These are carbox-
ylic acids containing one to six carbon atoms. The most 
abundant SCFA is acetate, followed by propionate and 
butyrate (Wong et al., 2006). Once SCFAs enter the blood-
stream via monocarboxylate transporters (MCT) or by 
diffusion, they can exert cellular effect (Pluznick, 2016). 
SCFAs have been shown to ameliorate inflammatory 
bowel diseases (Venegas et al.,  2019), insulin sensitivity 
(Müller et al., 2019), blood pressure and heart rate (Poll 
et al., 2021) and airway disease (Trompette et al., 2014). 
SCFAs in the bloodstream are absorbed by the kidneys 
via G-protein-coupled receptor (GPCR) or MCT. Among 
the four GPCRs, GPR41 and GPR43 are expressed in the 
whole kidney and renal artery, indicating that kidney 
utilizes acetate (Pluznick,  2016). The existence of these 
GPCRs in the kidney supports the notion that SCFAs are 
translocated into the kidney and act as biologically active 
substances. Indeed, acetate supplementation increases 
erythropoietin, a hormone produced in the kidney (Xu 
et al., 2014).

It has been reported that acetate improved acute kid-
ney injury (AKI) (Andrade-Oliveira et al., 2015), and that 
butyrate improved AKI and diabetic nephropathy (Huang 
et al.,  2020; MacHado et al.,  2012; Sun et al.,  2013), but 
the mechanisms are not understood. Although few stud-
ies have examined the effect of SCFAs on the kidney, no 
studies to date have addressed their effect on kidney fibro-
sis. Previous reports have shown that acetate attenuates 

oxidative stress by reducing ROS and has antioxidant 
effects in hepatocytes (Yu et al.,  2022) and β-cells (Hu 
et al.,  2020). Thus, we investigated whether acetate and 
other SCFAs attenuate ROS and kidney damage in CKD 
and how SCFAs affect kidney fibrosis.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture

Cultured cells were maintained in a humidified incubator 
with 5% CO2. Hypoxic incubation was performed in a per-
sonal CO2/multi gas incubator APM-30D (Astec).

HK-2 cells (Homo sapiens, human kidney, male, CRL-
2190, ATCC, RRID:CVCL_0302), an immortalized proxi-
mal tubule epithelial cell line from a normal human adult 
kidney, were cultured in Dulbecco's modified Eagle's me-
dium/nutrient mixture F-12 Ham (DMEM/F12) (D8062, 
Sigma Aldrich) containing penicillin–streptomycin solu-
tion (15070063, Thermo Fisher Scientific) and 10% fetal 
bovine serum (FBS) (F7524, Sigma Aldrich) in a 10 cm 
culture dish. For passaging, HK-2 cells were dissociated 
with trypsin (204-16935, Wako Pure Chemical Industries) 
and centrifuged at 1000 rpm for 5 min.

2.2  |  Cell viability and cytotoxicity

Cell viability and cytotoxicity were evaluated using a 
Viability/Cytotoxicity Multiplex Assay Kit (346-09271, 
Dojindo), according to the manufacturer's instructions. 
Briefly, HK-2 cells (1 × 104/well) were seeded in a 96-
well microplate (167008, Thermo Fisher Scientific). The 
following day, the medium was removed and SCFAs 
in DMEM/F12, HEPES, and no phenol red (11039021, 
Thermo Fisher Scientific) (200 μL/well) were added. The 
final concentrations of acetate, propionate, and butyrate 
used were 0.5 mM. They were incubated in 1% O2 for 16 h 
and then in normoxia for 3 h (Muratsu-Ikeda et al., 2012), 
or in normoxia for 19 h.

Medium (100 μL) from each well was transferred to 
a new 96-well microplate for the LDH assay; 100 μL of 
working solution was added to each well of a new plate 
and incubated at room temperature in the dark for 30 min, 
and 50 μL of stop solution was added. Absorbance was 
measured at 490 nm using a multimode plate reader 
(EnSpire™, PerkinElmer). LDH is a stable cytoplastic 
enzyme released into the medium through the damaged 
plasma membrane. The amount of formazan dye formed 
by LDH indicates cytotoxicity.

Ten microliters of CCK-8 assay was added to each 
well of the remaining plate and incubated for 1 h at 37°C. 

https://scicrunch.org/resolver/RRID:CVCL_0302
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Absorbance readings at 450 nm were recorded as de-
scribed above. The amount of formazan dye generated by 
dehydrogenase activity in living cells is proportional to 
cell viability.

2.3  |  ROS assay

Intracellular ROS were detected using a 2′,7′-dichloro-
fluorescin diacetate (DCFDA)/H2DCFDA—Cellular ROS  
Assay Kit (ab113851, Abcam) according to the manu-
facturer's instructions. DCFDA is a fluorogenic dye that 
measures cellular ROS activity within the cell. Briefly, 
HK-2 cells (2.5 × 104/well) were seeded in 96-well Black/
Clear Flat Bottom TC-treated imaging Microplate (353219, 
Falcon). The following day, the medium was removed and 
SCFAs in DMEM/F12, HEPES, and no phenol red (100 μL/
well) were added. The final concentrations of acetate, pro-
pionate, and butyrate used were 0.5 mM. The cells were 
incubated under normoxia for 19 h.

The cells were incubated with 20 μM DCFDA at 37°C 
for 45 min and fluorescence was measured (excitation 
485 nm, emission 535 nm) using a multimode plate reader 
(EnSpire™).

2.4  |  Mitochondrial ROS

Mitochondrial ROS were detected using a MitoSOX™ 
Red Mitochondrial Superoxide Indicator for live-cell im-
aging (M36008, Thermo Fisher Scientific) according to a 
flow-cytometry-based protocol (Yang et al., 2021). Briefly, 
HK-2 cells (5 × 105/dish) were seeded in a 10 cm culture 
dish. The following day, the medium was removed and 
SCFAs in DMEM/F12, HEPES, and no phenol red (10 mL/
dish) were added. The final concentration of acetate was 
0.5 mM, whereas the control did not contain SCFAs. The 
cells were incubated in 1% O2 for 16 h and then under 
normoxia for 3 h. The cells were dissociated with trypsin, 
washed in Hanks' balanced salt solution (HBSS), and 
resuspended in 2 μM MitoSOX red. After incubation for 
30 min at 37°C, the cells were washed and resuspended 
in 1 mL of HBSS. The expression of MitoSOX in the PE 
channel was quantified using a CytoFLEX flow cytometer 
(Beckman Coulter).

2.5  |  Mito stress test

HK-2 cells (1 × 104/well) were seeded into a 96-well micro-
plate. The following day, the medium was removed and 
SCFAs in DMEM/F12, HEPES, and no phenol red (80 μL/
well) were added. The final concentration of acetate was 

0.5 mM, while the control did not contain SCFA. The cells 
were incubated in 1% O2 for 16 h and then under normoxia 
for 3 h. Metabolic flux was measured in real time using a 
Seahorse XFe96 Analyzer (Agilent) and a Mito Stress Test 
kit (103015-100, Agilent). The concentrations of glucose, 
pyruvate, and glutamine in the culture media were 10, 1, 
and 2 mmol/L, respectively. Oligomycin was first injected 
and inhibited ATP synthase (complex V). The reduction 
in the oxygen consumption rate (OCR) is linked to ATP 
production. The second injection was carbonilcyanide p-
trifluoromethoxyphenylhydrazone (FCCP), which is an 
uncoupling reagent. The electron flow through the elec-
tron transport chain was uninhibited, and the OCR by 
complex IV reached a maximum. The third injection con-
sisted of rotenone and antimycin A, a complex III inhibi-
tor. They shut down the mitochondrial respiration.

2.6  |  Animal studies

Six-week-old male C57BL/6 mice (Jackson Laboratory) 
were randomly assigned to the vehicle-only and acetate-
treated groups. We administered UUO to mice and PBS or 
0.5 M acetate by intraperitoneal injection every other day 
from the day before UUO operation to Day 6 (10 mL/kg/
day). The mice were sacrificed on Day 7. The mice were 
anesthetized with a mixture of medetomidine hydrochlo-
ride (0.3 mg/kg), butorphanol (5 mg/kg), and midazolam 
(4 mg/kg) before UUO operation and sacrifice. All animal 
experiments were approved by the ethics committee of the 
Graduate School of Medicine, The University of Tokyo 
(No.18-P-134), and performed in accordance with the 
guidelines established by the Committee on the Ethical 
Animal Care and Use of the University of Tokyo. The ani-
mal experiments were carried out in accordance with the 
ARRIVE guidelines.

2.7  |  Histology and 
immunohistochemistry

Formalin-fixed and paraffin-embedded sections of the 
kidney were stained with Masson's trichrome. Fibrosis 
was detected using Masson trichrome staining. Kidney 
cryosections embedded in Tissue-Tek O.C.T compound 
(4583, Sakura Finetek Japan) (5 μm-thick slices) were 
fixed with acetone for 10 min. After washing three times 
with Dulbecco's phosphate buffered saline (PBS), the cells 
were incubated with 5% bovine serum albumin (BSA) 
(A3059, Sigma Aldrich) for 30 min, and subsequently with 
serum-free protein block (X0909, DAKO) for 10 min. The 
slices were then incubated overnight at 4°C with primary 
antibodies, anti-gamma H2A.X antibody (1:5000 dilution, 
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ab11174, Abcam). The sections were incubated with 
Alexa Fluor 594 anti-rabbit IgG secondary antibody (1:200 
dilution, R37119, Thermo Fisher Scientific) for 30 min at 
room temperature. Nuclear staining was performed using 
bisbenzimide H 33342 trihydrochloride (B2261, Sigma 
Aldrich) for each sample. Images were acquired using 
an inverted fluorescent microscope, BZ-X710 (Keyence), 
with the following filters: Texas Red with an excitation 
wavelength (Ex) of 560/40 nm, emission wavelength (Em) 
of 630/75 nm, and DAPI (Ex: 360/40 nm, Em: 460/50 nm).

2.8  |  Western blotting

Kidney cortex homogenates were resuspended in radioim-
munoprecipitation assay (RIPA) buffer containing 50 mM 
Tris–HCl (pH 8.0), 150 mM NaCl, 0.5% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate (SDS), and 1.0% Triton 
X-100 with a protease and phosphatase inhibitor cocktail 
(Thermo Fisher Scientific).

For western blotting, SDS sample buffer containing 
60 mM Tris–HCl (pH 6.8), 2% SDS, 10% glycerol, 0.012% 
bromophenol blue, and 10 mM dithiothreitol (DTT) was 
added to the proteins. Proteins in SDS sample buffer were 
denatured by boiling at 95°C for 5 min. Proteins were sep-
arated by electrophoresis on 10% sodium dodecyl sulfate-
polyacrylamide gel. The proteins were then transferred 
onto a polyvinylidene fluoride membrane in a transfer 
buffer (48 mM Tris-base buffer, 39 mM glycine, 0.04% SDS, 
and 20% methanol) using a Trans-Blot® Turbo™ Transfer 
System (Bio-Rad). Nonspecific protein binding was 
blocked with 5% skim milk in Tris-buffered saline (pH 7.4) 
containing 0.05% Tween 20. The membranes were incu-
bated with primary antibodies, rabbit polyclonal anti-
alpha smooth muscle (1:1000 dilution, ab5694, Abcam) 
or rabbit anti-actin antibody (1:2000 dilution, A2066, 
Sigma-Aldrich) at 4°C overnight, and then incubated at 
room temperature for 45 min with HRP-conjugated goat 
anti-rabbit IgG antibody (1:10,000 dilution, 170–6515, Bio-
Rad). The Pierce™ ECL Plus western blotting Substrate 
(32132, Thermo Fisher Scientific) was used for detection. 
The bands were observed using a Luminoimage Analyzer 
ImageQuant LAS 4000 (GE Healthcare). The intensity of 
bands was quantified using Multi Gauge version 3.2 soft-
ware (Fujifilm) and normalized to actin.

2.9  |  Quantitative real-time PCR 
(qRT-PCR)

Total RNA was isolated using RNAiso Plus (9109, Takara) 
and reverse-transcribed with RT Master Mix (Perfect 
Real Time) (RR036B, Takara Bio). Complementary DNA 

was subjected to quantitative real-time PCR using the 
THUNDERBIRD SYBR qPCR Mix (QPS-201, Toyobo) and 
a CFX Connect Real-Time PCR System (Bio-Rad). The 
transcript levels were normalized to β-actin expression 
levels. qRT-PCR was performed in triplicates using gene-
specific primers (Table  1). Outliers were removed using 
Grubbs' test.

2.10  |  Transmission electron microscopy

The kidney cortex was minced into 1 mm3 pieces, fixed 
in 2.5% glutaraldehyde solution in phosphate buffer 
(pH 7.4), postfixed with 1% osmium tetroxide, dehy-
drated, and embedded in epoxy resin. Ultrathin sections 
were stained with uranyl acetate and lead citrate, and ex-
amined under an electron microscope (JEM-1400Flash, 
JEOL). Mitochondria (>2 μm in length) were considered 
filamentous. Fragmented mitochondria were defined as 
mitochondria with a length of <1 μm and spherical con-
figuration (Zhan et al.,  2015). Images were obtained in 
five random fields per kidney. Mitochondrial length was 
measured using the ImageJ software (NIH).

2.11  |  Statistical analysis

All data are expressed as mean ± standard error of the 
mean (SEM), with individual values in dot plots. Data 
were analyzed using one-way or two-way analysis of vari-
ance (ANOVA) for multiple comparisons or a Student's 
t-test for comparison between the two groups. Statistical 
significance was set at p < 0.05. All statistical analyses were 
performed using GraphPad Prism version 9.3 (GraphPad 
Software). All data were measured in more than two tech-
nical replicates.

3   |   RESULTS

3.1  |  SCFAs influence HK-2 cell viability 
under oxidative stress

To investigate the effect of SCFAs on HK-2 cells, a proxi-
mal tubular cell line, cell viability was evaluated using 
the Cell Counting Kit-8 (CCK-8) assay, and cytotoxic-
ity was evaluated using a lactate dehydrogenase (LDH) 
assay under 0.5 mM SCFA treatment. In hypoxia and re-
oxygenation, an oxidative stress model (Muratsu-Ikeda 
et al., 2012), cell viability with acetate treatment was sig-
nificantly higher than with vehicle (109.1 ± 2.8 vs. 100%, 
p < 0.05) (Figure 1a). The cytotoxicity of acetate treatment 
was lower, although the difference did not reach statistical 
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significance (Figure 1b). In contrast, propionate and bu-
tyrate had no cell-protective effects. Under normoxia, no 
significant differences were observed between the control 
and SCFAs (Figure S1a,b).

3.2  |  Acetate attenuates ROS production 
in HK-2 cells

ROS levels were measured using DCFDA under normoxic 
conditions. Acetate treatment reduced ROS by 2.9 ± 0.9% 
(p < 0.05). To elucidate the mechanism of the antioxidant 
effect of acetate, we estimated the mRNA levels of the 
antioxidant genes heme oxygenase-1 (HO-1), superoxide 
dismutase (SOD)-1, SOD-2, and catalase under hypoxic 
conditions for 16 h. However, the acetate treatment did 
not alter the expression of these mRNAs, except for HO-1 
(Figure S2a–d). Although there was a statistically signifi-
cant difference in HO-1, we did not consider that the small 
difference lead to whole cellular protective effects. We also 
performed real-time qPCR for cytochrome c (superoxide) 
under hypoxia for 16 h. No significant difference was ob-
served between the vehicle and SCFAs (Figure  S2e), as 
well as the other results of the qPCR.

3.3  |  Acetate has a partial beneficial 
effect on HK-2 cell mitochondria under 
oxidative stress

Because mitochondria are a major source of ROS 
(Dan Dunn et al.,  2015), we speculated that acetate 

T A B L E  1   List of primers used in this study.

Forward sequence Reverse sequence

Human gene

HMOX CGGGC​CAG​CAA​CAA​AGTG AGTGT​AAG​GAC​CCA​TCG​GAGAA

SOD1 AGGGC​ATC​ATC​AAT​TTCGAG TGCCT​CTC​TTC​ATC​CTTTGG

SOD2 GGAAG​CCA​TCA​AAC​GTGACT CTGAT​TTG​GAC​AAG​CAGCAA

CAT TTTCC​CAG​GAA​GAT​CCTGAC ACCTT​GGT​GAG​ATC​GAATGG

CYCS AAGGG​AGG​CAA​GCA​CAA​GACTG CTCCA​TCA​GTG​TAT​CCT​CTCCC

FIS1 GTCCA​AGA​GCA​CGC​AGTTTG ATGCC​TTT​ACG​GAT​GTC​ATCATT

DRP1 CTGCC​TCA​AAT​CGT​CGT​AGTG GAGGT​CTC​CGG​GTG​ACA​ATTC

OPA1 TGTGA​GGT​CTG​CCA​GTC​TTTA TGTCC​TTA​ATT​GGG​GTC​GTTG

MFN2 CTCTC​GAT​GCA​ACT​CTA​TCGTC TCCTG​TAC​GTG​TCT​TCA​AGGAA

ACTB TCCCC​CAA​CTT​GAG​ATG​TATGAAG AACTG​GTC​TCA​AGT​CAG​TGT​
ACAGG

Mouse gene

Fis1 GCCCC​TGC​TAC​TGG​ACCAT CCCTG​AAA​GCC​TCA​CAC​TAAGG

Drp1 GCGCT​GAT​CCC​GCG​TCAT CCGCA​CCC​ACT​GTG​TTGA

Opa1 TGGGC​TGC​AGA​GGA​TGGT CCTGA​TGT​CAC​GGT​GTT​GATG

Mfn2 ACAGC​CTC​AGC​CGA​CAGCAT TGCCG​AAG​GAG​CAG​ACCTT

Acta2 GTCCC​AGA​CAT​CAG​GGA​GTAA TCGGA​TAC​TTC​AGC​GTC​AGGA

Col1a1 ACGCC​ATC​AAG​GTC​TACTGC ACTCG​AAC​GGG​AAT​CCATCG

Col3a1 TGACT​GTC​CCA​CGT​AAGCAC GAGGG​CCA​TAG​CTG​AACTGA

Actb AAGAT​CAA​GAT​CAT​TGC​TCC​TCCTG AAACG​CAG​CTC​AGT​AAC​AGTCC

F I G U R E  1   Effects of SCFAs on HK-2 cell viability and 
cytotoxicity. (a) Cell viability and (b) cytotoxicity with 0.5 mM 
SCFA under hypoxia and reoxygenation (1% O2 for 16 h and 
normoxia for 3 h) (n = 5 in each group). Data are expressed as 
mean ± SEM. The statistical differences were quantified using 
one-way ANOVA analysis with Dunnett's multiple comparisons 
test. *p < 0.05 compared with control. Ac, acetate; Bu, butyrate; Pr, 
propionate; Veh, vehicle.
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supplementation might change mitochondrial condi-
tions and functions. Therefore, we evaluated mitochon-
drial ROS levels under hypoxia and reoxygenation. In the 
acetate treatment group, the MitoSOX-positive cell rate 
significantly decreased, indicating that acetate supple-
mentation decreased not only total cellular ROS but also 
mitochondrial ROS (Figure 2b).

To investigate how acetate affects cell metabolism, 
we conducted a mitochondrial stress test under hypoxia 
and reoxygenation conditions using a flux analyzer. 
Mitochondrial respiration was evaluated based on basal 
respiration, ATP production, spare respiration, and max-
imal respiration. Despite the mitochondrial ROS pro-
duction gap, no significant difference was observed in 
mitochondrial respiration between the vehicle and ace-
tate groups (Figure  S3a–e). Mitochondrial homeostasis 

requires a subtle balance between mitochondrial energet-
ics and dynamics to maintain proper function (Bhargava 
& Schnellmann, 2017). Therefore, we focused on the mito-
chondrial morphology.

3.4  |  Acetate partially affects 
mitochondrial fission/fusion gene 
expression under oxidative stress in 
HK-2 cells

To elucidate the tubular cell protective and mitochon-
drial protective mechanisms of acetate, transcription 
of mRNA of fission genes, fission protein 1 (FIS1) and 
dynamin-1-like protein (DRP-1), and fusion genes, optic 
atrophy 1 (OPA1) and mitofusin 2 (MFN2), were exam-
ined. The mRNA expression of DRP-1 was increased by 
hypoxic stimulation, and was significantly suppressed by 
acetate treatment (Figure 3b). The effect of acetate cance-
ling out of hypoxia could not be observed in three genes 
other than DRP-1 (Figure  3a,c,d). Previous studies have 

F I G U R E  2   Acetate reduced ROS and mitochondrial ROS 
in HK-2 cells. (a) Effects of SCFAs on ROS production under 
normoxia 19 h (n = 3 in each group). Quercetin is one of the 
antioxidant flavonoids and positive control. (b) MitoSOX positive 
cell proportion significantly decreased under hypoxia and 
reoxygenation (1% O2 for 16 h and normoxia for 3 h) (n = 3 in each 
group). Data were taken in 10,000 events per sample. Data are 
expressed as mean ± SEM. *p < 0.05 compared with control (t test). 
Ac, acetate; ROS, reactive oxygen species; SCFAs, short-chain fatty 
acids; Veh, vehicle.

F I G U R E  3   Acetate decreased DRP-1 mRNA expression under 
oxidative stress in HK-2 cells. (a–d) Effects of acetate on fission/
fusion gene expression under normoxia and hypoxia for 16 h (n = 5 
in each group). Data are expressed as mean ± SEM. The statistical 
differences were quantified using two-way ANOVA analysis with 
Sidak's multiple comparisons test. *p < 0.05 compared with control. 
Ac, acetate; DRP-1, dynamin-1-like protein; FIS1, fission protein 1; 
MFN2, mitofusin 2; OPA1, optic atrophy 1; Veh, vehicle.
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shown upregulated DRP-1 and fragmented mitochondria 
in CKD caused by diabetic kidney disease (DKD) (Jiang 
et al.,  2019; Zhan et al.,  2015). In contrast, acetate sup-
plementation reduced DRP-1 expression under oxidative 
stress conditions.

3.5  |  Acetate treatment ameliorates 
kidney fibrosis in unilateral ureteral 
obstruction (UUO) mice

To investigate whether acetate attenuates kidney fibrosis 
in vivo via tubule protection, mice were subjected to UUO 
and treated with acetate via intraperitoneal injection. 
Acetate treatment diminished the area of kidney fibrosis 
compared with phosphate-buffered saline (PBS) treat-
ment (1.0% vs. 1.7%, p < 0.05) (Figure  4a–d). Although 
the difference did not reach statistical significance, it had 
a tendency to reduce transcription of mRNA of fibrosis 
markers αSMA, collagen 1, and collagen 3 by acetate treat-
ment (Figure 4e–g). αSMA protein synthesis was also sup-
pressed by acetate treatment (Figure 4h,i).

3.6  |  Acetate treatment ameliorates 
double-strand DNA damage by oxidative 
stress in UUO mice

To determine whether this amelioration of fibrosis oc-
curred via tubule protection, we assessed oxidative stress 
in the tubules. DNA damage, detected by immunohisto-
chemistry of phosphorylated histone H2AX (γH2AX), 
reflects oxidative stress. Therefore, γH2AX was used as a 
surrogate marker for oxidative stress-induced cell damage. 
Acetate treatment reduced the proportion of γH2AX posi-
tive cells by 5.3 ± 1.5% (p < 0.05) in UUO mice (Figure 5a–
c). In the low power field of the staining, the area thought 
to be the glomerulus was not stained with γH2AX (arrow) 
(Figure S4). We thought that the area stained with γH2AX 
was mainly the tubules.

3.7  |  Acetate treatment alters 
mitochondrial morphology in proximal 
tubules in UUO mice

Considering the results of the hypoxia and reoxygenation 
model in HK-2 cells, these effects of acetate appeared to 
be mediated by the effect of acetate on mitochondria. To 
investigate whether mitochondrial fission/fusion genes 
were affected by acetate, transcription of fission genes 
Fis1 and Drp-1, and fusion genes Opa1 and Mfn2, was ex-
amined. However, no significant difference was observed 

between the vehicle and acetate treatment groups in UUO 
mice (Figure S5a–d). We considered this to be likely be-
cause we evaluated the whole cortex, not the tubular cells 
only.

Therefore, we evaluated the mitochondrial morphol-
ogy in the tubules using electron microscopy. In the 
sham group, the majority of proximal tubular cells had 
elongated mitochondria (Figure  6a). In the PBS-treated 
UUO group (Veh), mitochondrial morphology changed 
to spheres or shot rods and cristolysis, which should re-
flect mitochondrial fission (Figure  6b). In contrast, in 
the acetate-treated UUO group (Ac), the dysmorphic mi-
tochondria were partially ameliorated (Figure  6c). The 
proportion of fragmented mitochondria was reduced by 
acetate compared with PBS and control, by 26.1 ± 11.2% 
(p < 0.05) (Figure 6d).

4   |   DISCUSSION

In this study, we demonstrated that acetate increased cell 
viability under oxidative stress, reduced ROS and mito-
chondrial ROS production, and decreased DRP-1 mRNA 
expression under oxidative stress in HK-2 cells. We also 
revealed that acetate ameliorated kidney fibrosis, DNA 
damage caused by oxidative stress, and mitochondrial 
dysmorphology in UUO mice.

We conducted these experiments using hypoxia and 
reoxygenation models in vitro and a UUO mouse model 
in vivo as an oxidative stress model. The gap between 
the in vitro and in vivo models should be explained. 
The UUO model was selected as we focused on kidney 
fibrosis. In addition, multiple signaling pathways can 
be activated during fibrosis, and one of the most im-
portant signaling pathways is angiotensin II (Ang II)/
ROS (Aranda-Rivera et al., 2021; Liu et al., 2017; Panizo 
et al.,  2021; Sachse & Wolf,  2007). In the UUO model, 
increased hydrostatic pressure due to ureteral obstruc-
tion activates renin-angiotensin system (RAS), which 
leads to the production of Ang II. Ang II activates nic-
otinamide adenine dinucleotide phosphate (NADPH) 
oxidases (NOXs), which produce ROS. ROS play an 
important role as secondary messengers in cellular sig-
naling (Irazabal & Torres,  2020). In contrast, in vitro, 
we chose the hypoxia and reoxygenation model (Li & 
Jackson,  2002; Muratsu-Ikeda et al.,  2012), which is a 
representative oxidative stress model. Oxidative stress 
plays a crucial role in the damage induced by ischemia–
reperfusion or hypoxia–reoxygenation. In vitro, a model 
with hypoxia in 1% O2 for 16 h and normoxia for 3 h was 
already established (Muratsu-Ikeda et al., 2012). The de-
gree of cell death was thought to reflect the effect of ROS 
in a hypoxia–reoxygenation model. We also performed 
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F I G U R E  4   Acetate treatment ameliorated kidney fibrosis in UUO mice. (a) Schematic diagrams of the vivo experimental procedure 
(Veh, n = 8; Ac, n = 7). (b–d) Histological analysis of tubulointerstitial fibrosis by Masson trichrome staining. Data are average of five random 
area per sample. (e–g) Effects of acetate on transcription of mRNA of fibrosis marker. (h) Analysis of western blotting for αSMA protein. (i) 
Representative image of western blotting for αSMA. Data are expressed as mean ± SEM. *p < 0.05 compared with control (t test). Ac, acetate; 
Acta2, actin alpha 2; αSMA, α-smooth muscle actin; Col1a1, Collagen 1; Col3a1, Collagen 3; UUO, unilateral ureteral obstruction; Veh, 
vehicle.
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the experiments using a transforming growth factor 
beta 1 (TGF-β1)-stimulated and H2O2-induced oxidative 
stress models. However, the TGF-β1-stimulated model 
could not induce cytotoxicity. In contrast, the effects 
of acetate in the H2O2 model showed strong cytotoxic-
ity. Acetate presumably reacted directly with H2O2 and 
became peracetic acid, which is used as a germicidal 
agent. Thus, we adopted only hypoxia and reoxygen-
ation models.

SCFAs have often been treated as a group (Tahara 
et al., 2018; Yang et al., 2018). However, in this study, only 
acetate treatment consistently yielded positive results for 
cell viability and ROS production. Therefore, we focused 
only on acetate among the SCFAs after these experiments. 
One of the major roles of acetate is as an energetic source 
in the tricarboxylic acid (TCA) cycle. Mitochondrial ac-
etate is converted to acetyl coenzyme A (acetyl-CoA) by 

acyl-CoA short-chain synthetase (ACSS)1, after which 
acetyl-CoA enters the TCA cycle. Another role is histone 
acetylation in the nucleus. Cytosol acetate is converted to 
acetyl-CoA by ACSS2, and then acetyl-CoA translocates to 
the nucleus and promotes gene transcription via histone 
acetylation (Martínez-Reyes & Chandel, 2020; Pietrocola 
et al.,  2015; Shi & Tu,  2015). We chose 0.5 mM SCFA 
with reference to the previous report (Xu et al.,  2014). 
Additionally, acetate level in plasma is between 0.1 and 
10 mM (Pluznick, 2016). Based on these findings, we con-
sidered that 0.5 mM is a physiological and appropriate 
concentration.

Recently, Hu et al. (2020) showed that butyrate inhib-
ited the SCFA receptor GRP41 and NO generation more 
strongly than acetate in β-cells. Dong et al.  (2017) indi-
cated that butyrate ameliorated diabetic nephropathy by 
inhibiting histone deacetylase (HDAC) activity. Based on 

F I G U R E  5   Acetate treatment reduced DNA damage by oxidative stress in UUO mice. (a–c) Immunofluorescence staining for γH2AX in 
control and acetate treatment (Veh, n = 8; Ac, n = 7). Data are average of nine random area per sample. Data are expressed as mean ± SEM. 
**p < 0.01 compared with control (t test). Ac, acetate; DAPI, 4′,6-diamidino-2-phenylindole; γH2AX, phosphorylated histone H2AX; Veh, 
vehicle; scale bars, 10 μm.
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these prior studies, we thought that acetate might have 
other protective effects.

Thus, we focused on the main origin of free radicals, 
mitochondria (Dan Dunn et al., 2015). As expected, mito-
chondrial ROS production was reduced by acetate treat-
ment. Mitochondrial homeostasis requires a subtle balance 
between mitochondrial energetics and dynamics to main-
tain proper function (Bhargava & Schnellmann, 2017). We 
focused on mitochondrial morphology because no signifi-
cant difference was observed in mitochondrial respiration 
between the control and acetate groups. Mitochondrial 

morphological dynamics are determined by the balance 
between fission and fusion in response to various stresses, 
and mitochondria continuously undergo fission and fusion 
(Youle & van der Bliek, 2012). Regarding the transcription 
of mitochondrial fission/fusion genes, the expression of 
only DRP-1, a fission gene, was significantly increased by 
hypoxic stimulation, and was suppressed by acetate. Perry 
et al. (2018) reported that proximal tubule deletion of Drp-1 
prevented AKI and progression to fibrosis. Aranda-Rivera 
et al. (2021) reported that ROS upregulates mitochondrial 
fission genes and downregulates fusion genes, suggesting 

F I G U R E  6   Acetate treatment ameliorated dysmorphic mitochondria of proximal tubules in UUO mice. (a–d) Histological analysis 
of mitochondrial morphology by electron microcopy (Sham, n = 3; Veh, n = 5; Ac, n = 5). Data are average of five random area per sample. 
Fragmented mitochondria were defined as mitochondria with length <1 μm and spherical configuration. Data are expressed as mean ± SEM. 
*p < 0.05 compared with control (t test). Ac, acetate; Veh, vehicle.
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that the reduction of ROS by acetate was the primary con-
tributor to the decreased expression of DRP-1. Compared 
to the previous study that showed both mitochondrial res-
piration and fission/fusion genes changes (Hu et al., 2020), 
in this study, acetate partially affected mitochondrial func-
tion of HK-2 cells. We could not reveal the interaction be-
tween mitochondrial respiration and ROS, but we clarified 
that ROS reduction and DRP-1 downregulation by ace-
tate supplementation led to the rescue of mitochondrial 
dysfunction.

In vivo, acetate treatment ameliorated kidney fibro-
sis and DNA damage caused by oxidative stress in UUO 
mice. In addition, acetate improved the dysmorphic mi-
tochondria. This morphological change corresponded to 
the decreased expression of DRP-1 in vitro. However, no 
change in Drp-1 expression was observed in vivo. This 
discrepancy could be explained by the difference between 
in vitro and in vivo results. Animal samples contain var-
ious contaminants and are unsuitable for the evaluation 
of the mitochondrial fraction. Another explanation is 
that Youle and van der Bliek (2012) proposed that the ac-
tivity of DRP-1 results from an equilibrium between the 
phosphorylation of DRP-1 at serine 616, fission, and at 
serine 637, fusion. Evaluation of DRP-1 phosphorylation 
in the mitochondrial fraction of cultured tubular cells is 
required in the future. The previous reports revealed ele-
vated plasma acetate levels peaking at 10 min after injec-
tion and were near baseline at 60 min by intraperitoneal 
injection of acetate (500 mg/kg), which is almost the 
same amount as our study (Frost et al., 2014; Shubitowski 
et al.,  2019). Although the half-life of SCFAs is shorter 
than our dosing schedule, we referred to the schedule of 
the other previous report that the intraperitoneal injection 
of 0.5 M and 15 mL/kg SCFA solution exerted bioprotec-
tive effects thrice-weekly (Monday, Wednesday, Friday) 
(Xu et al.,  2014). We could not assess whether pre- and 
post-injury SCFAs administration or only post-injury ad-
ministration was more effective. However, according to 
the previous report that SCFAs were administered both 
30 min pre-injury before ischemia and at the moment of 
reperfusion in the ischemia–reperfusion injury model 
(Andrade-Oliveira et al., 2015), pretreatment seemed un-
necessary for kidney protection.

One of the strengths of this study is that it revealed 
the effects of acetate on CKD. To the best of our knowl-
edge, this is the first study to investigate the pathophysi-
ology of acetate in CKD. The previous study only showed 
that the production of intestinal SCFAs decreased due to 
dysbiosis in CKD (Mishima et al., 2017). In addition, we 
demonstrated for the first time that acetate plays both 
tubular cell-protective and renoprotective roles via mi-
tochondrial mechanisms. Pluznick  (2016) reported that 
increasing microbial SCFAs production using a high-fiber 

diet or decreasing microbial SCFAs using a low-fiber diet 
caused drastic changes in microbial diversity and serum 
SCFAs (Wagenaar et al., 2021). Increasing serum acetate 
levels by a high-fiber diet may have a renoprotective ef-
fect. Several drugs are known to influence acetate levels. 
The most promising drug class to ameliorate kidney fibro-
sis is sodium-glucose cotransporter-2 inhibitors (SGLT2i), 
considering the results of clinical trials (Heerspink 
et al., 2020; Perkovic et al., 2019). SGLT2i influences gut 
microbiota and increases SCFA content, including acetate 
in the gut (Mishima et al.,  2018). Therefore, the tubular 
protective effect of acetate revealed in this study can partly 
explain the renoprotective effects of SGLT2i. The previous 
study demonstrated that acetate ameliorated diabetes-
induced nephrotoxicity, including non-tubular lineage, 
such as Bowman's space and congested glomeruli due to 
pro-inflammatory mediators (Olaniyi et al., 2021). In the 
UUO model, acetate might also affect other kidney cells, 
thereby leading to suppression of fibrosis.

This study has several limitations. First, we did not 
show the results using primary cells. It is desirable to use 
primary cells, especially when evaluating cell metabolism. 
Although HK-2 cells are immortalized, the in vitro results 
were consistent with the in vivo results. Therefore, we used 
the results obtained using HK-2 cells. Second, we did not 
measure blood pH levels, and thus could not completely 
exclude the influence of pH on the kidney in in vivo exper-
iments. On the contrary, we confirmed a constant pH of 
the SCFA-included medium in the range of 7.15–7.19 by 
adding 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic 
acid (HEPES). Third, we did not examine histone acetyl-
ation in the present study. Therefore, the involvement of 
histone acetylation cannot be ruled out. Fourth, in the in 
vivo experiments, we did not use proximal tubules but the 
kidney cortex, which may explain the dissociation of mi-
tochondrial fission/fusion gene expression between cul-
tured tubular cells and the kidney.

5   |   CONCLUSIONS

In summary, we demonstrated that acetate had cell pro-
tective effects and that acetate ameliorated kidney fibro-
sis under oxidative stress condition. According to ROS 
and mitochondrial analysis, it was suggested that acetate 
improved damaged mitochondria. Our findings indicate 
renoprotective effect of acetate on CKD.
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